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Ions ejected from a liquid metal ion source of an Li-Mg (10 atom X) alloy have been 
investigated by using a magnetic mass analyzer. In addition to singly charged homonuclear 
Liz (n I 9) and Mgl (n < 4) and heteronuclear Mg,Liz (m, n 5 2) clusters, doubly 
charged diatomic and triatomic Mg clusters are observed. Discussion is focused on the 
observability and the formation mechanism of the doubly charged small Mg clusters. A 
postionization process is suggested for the formation of the doubly charged clusters. (1 Am 
Sot Mass Spectrom 1991, 2, 76-80) 
T HE study of properties of atom clusters has expanded rapidly in the last decade since the advent of new techniques for producing clusters 
in the gas phase [l]. Mass spectrometry has been one 
of the primary tools used to probe size-dependent 
cluster properties such as size distribution, ionization 
energy, and chemical reactivity. In the measurement 
of cluster abundances, local maxima or discontinuous 
variations (steps) at certain specific cluster sizes are 
frequently encountered, and these sizes are referred 
to as “magic numbers.” 
Clusters are normally ionized prior to detection. 
Depending on the ionization process, more than two 
electrons can be removed, leaving multiply charged 
clusters, which have been found to be observable only 
above a threshold size (“critical size”) [2]. The ab- 
sence of doubly charged chrsters below the critical 
number n, of constituents is explained by the explo- 
sion of the charged cluster caused by the repulsive 
Coulomb forces between the two holes. 
Experimental and theoretical studies on the observ- 
ability of multiply charged clusters were reviewed by 
Echt [3]. Tom6nek et al. [4] compared the binding 
energy Es of a surface atom in the metallic cluster to 
the Coulomb energy EC under assumptions that the 
cluster is a spherical drop and that the two charges 
are at opposite sides of the drop. The critical numbers 
thus obtained, which correspond to critical sizes for 
spherical clusters, are in agreement with previous 
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experimental observations for metallic clusters pro- 
duced by the gas-aggregation technique [2]. However, 
doubly charged metallic clusters far below this critical 
size have been observed, especially in field evapora- 
tion experiments. Drachsel et al. [5] discussed the 
existence of doubly charged triatomlc clusters Mg+ by 
assuming a linear chain structure with the two charges 
localized at the end atoms. A comparison with experi- 
mental data leads to a rough empirical criterion for 
stable Mi+, EC < 1.4Es. Field emission and related 
techniques (pulsed-laser stimulated held evaporation, 
liquid metal ion source) easily produce ions in highly 
charged states. The charge states are probably formed 
by electron tunneling from the evaporated (singly 
charged) ions back into the tip. This postionization [6] 
appears to be the main reason for the frequent occur- 
rence of small multiply charged clusters, because the 
energy transfer into the ionized cluster ia considerably 
smaller in electron tunneling than in electron or pho- 
ton impact ionization. 
We have produced cluster ions from a liquid metal 
ion source (LMIS) of an Li-Mg alIoy. The origlnal 
purpose of this experiment was to produce heteronu- 
clear clusters and then study the effect of the diering 
chemical nature of the constituent atoms (valency and 
atom size) on the stability of the heteronuclear clus- 
ters. The observed heteronuclear clusters were limited 
to only three species (MgLi+, MgLiz, Mg2Li+), but 
unexpectedly small multiply charged homonuclear 
clusters, Mg:+ and M&, were detected. We have to 
use an Li-Mg alloy as source material because pure 
magnesium has vapor pressure too high to operate 
the LMIS, but in the present paper the observation of 
Mg :+ and Mg?j+ is the main interest. 
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Experimental 
We used a needle-type LMIS. The ion source consists 
of a needle emitter, a reservoir for liquid metal, a 
heater to melt source material, and an extractor elec- 
trode. Because the detailed structure of the LMIS has 
been described elsewhere [7] it is only briefly men- 
tioned here. This source has the following characteris- 
tics: (1) Source material is enclosed within a capped 
reservoir, (2) the reservoir and the needle tip are 
heated by electron bombardment, and (3) the needle 
can be moved back and forth from outside of the 
vacuum. Because of the closed-type reservoir, waste 
of source material through thermal evaporation is 
suppressed. Baking the emitter tip by electron bom- 
bardment in cooperation with the mechanical move- 
ment of the tip facilitates wetting of the tip with liquid 
metal. 
A mixture of small pieces (ca. 1 mm3 cubes) of Li 
and Mg metals was used as source material. The 
purities of the metals are 99.9% for Li and 99.99% for 
Mg. To avoid chemical reactions of Li metal with 
water vapor and oxygen in ambient gas, loading of 
the metals was carried out in a glove box filled with 
Ar gas. The amount of each metal loaded in the 
reservoir was adjusted to make an alloy with compo- 
sition of approximately 10 atom 56 Mg. An iron or 
tungsten wire with a diameter of 0.5 mm and sharp- 
ened to a tip radius of several micrometers by conven- 
tional electrochemical etching was used as a needle 
emitter. The mobile function of the needle facilitates 
mixing the molten pieces of the metals, making the 
liquid alloy uniform. 
The needle tip covered with a liquid film is sub- 
jected to a high electric field by applying a high 
positive voltage, typically 4-10 kV, to the needle 
against the extractor electrode (grounded). The mass 
distribution of ions ejected from the tip was measured 
Figure 1. Mass spectrum of ions ejected from 
the Li-Mg alloy LMIS. Acceleration voltage of 
ions is 7.7 kV, and the total ion current 15 CA. 
with a single-focusing magnetic analyzer with an or- 
bital radius of 20 cm. 
Results and Discussion 
Figure 1 shows a mass spectrum of ions ejected from 
the Li-Mg (10 atom %) alloy LMIS at a total emission 
current It = 15 aA. The presence of isotopes of Li 
(natural abundance of 6Li is 7.5%; 7Li, 92.5%) and Mg 
(24Mg, 78.7%, =Mg, lO.l%, 26Mg, 11.2%) makes it 
difficult to identify peaks at high mass. For each 
cluster ion a mass pattern due to the isotopic combi- 
nation is calculated by using the natural abundances 
of the isotopes. When different ion species pile up in 
a peak, the relative contribution of each species to the 
peak is estimated by comparing the calculated inten- 
sity distribution with the observed one. 
For homonuclear clusters, Liz up to n = 9 and 
Mgi up to n = 4 are observed. The relative intensi- 
ties of Lii and Mgi as a function of n are plotted in a 
logarithmic scale as shown in Figure 2 together with 
that of Lii ejected from a pure Li LhIIS. The Li: 
abundance spectrum from the pure Li LOIS shows 
pronounced features; intensity drops after n = 3 and 
7. These structures in the spectra are attributed to the 
size-dependent stability of ionized clusters against 
fragmentation [8, 91; that is, a cluster at a higher step 
edge of intensity variation has higher stability than 
the neighboring clusters of the same size. However, 
the Lii abundance obtained from the alloy LMIS 
decreases with the cluster size more rapidly than that 
from the pure LMIS, and thus the abundance spec- 
trum shows less pronounced structures (steps at n = 3 
and 7). The formation of Li: clusters seems to be 
suppressed by the existence of another element, Mg, 
in the liquid metal. 
The Mg: abundance curve also shows a steeply 
decreasing intensity with the size, and no structure is 
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Figure 2. Relative ion intensity of Liz (0) and Mg: (A) from 
the alloy. Intensity of Liz from a pure Li LMlS ia also plotted 
(0). Ion intensity is normalized to the respective monomer 
intensity. For the alloy source the intensity of Liz cannot be 
measured because the intensity of this cluster is too weak to 
separate peaks of this duster from those of Mg,Li+. Therefore, 
the intensities of Li: and Liq are connected by a dashed line. 
found. This monotonic change of the intensity is con- 
sistent with the monotonic variation in cohesive en- 
ergy of Mgi as a function of n calculated by Durand 
[lo]. The cohesive energy per atom calculated up to 
n = 7 decreases monotonically. 
Heteronuclear clusters detected are MgLi+, MgLi:, 
and Mg2Li+. Among them MgLi+ is dominant. A 
theoretical study [ll] on geometrical and electronic 
struchues of MgLi: shows an odd-even alternation 
in the binding energy variation as a function of k; 
cationic clusters with odd k (total number of valence 
electrons is even) have higher binding energies than 
the neighboring cationic clusters with even k. Because 
in the present experiment only the first two clusters in 
the MgLi: series are detected, no comparison with 
the theoretical study on the cluster stability can be 
made. 
Figure 3 shows a magnified spectrum in a mass 
range around Mg+. Peaks with half-integer mass-to- 
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Figure 3. Magnifwd mass spectrum in a mass range between 
m/z 24 and 26 (corresponding to Mg+). Peaks at m/z 24.5 and 
25.5 are due to doubly charged Mg dimers. 
charge ratios 24.5 and 25.5 are observed, indicating 
the presence of doubly charged Mg dimers. The ob- 
served mass pattern between mlz 24 and 26 can&t be 
explained by other doubly charged clusters, including 
heteronuclear clusters Mg,Liz+. A mass pattern com- 
posed of Mg+ and Mg$+ is calculated and is com- 
pared with the observed one in Figure 4. The inten- 
sity is shown on a logarithmic scale. In the calcula- 
tion, the relative height of isotope peaks is assumed 
to reflect the natural abundance of the isotopes. The 
abundance ratio of Mg+ and Mg$+ is adjusted to 
accurately reproduce the observed pattern. The 
shaded parts in Figure 4b show the contribution from 
the doubly charged diier (the abundance ratio of 
24Mg~+/24Mg+ at mlz 24 is taken as 0.06). The agree- 
ment between the observed and calculated patterns 
leads to the conclusion that the mass peaks between 
24 and 26 u are from Mg+ and Mgz+. 
Concerning other multiply charged clusters, Mgz+ 
is also observed. The observation of doubly charged 
diatomic and triatomic clusters is surprising, because 
the Coulomb repulsion between the two holes should 
compel such small clusters to explode into two singly 
charged fragments. 
The free atoms of divalent elements have an s2 
closed-shell atomic configuration. The atoms may be 
considered to keep essentially this ground-state struc- 
ture in small clusters. On the other hand, bulk Mg 
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Figure 4. (a) Observed rna~~ pattern between m/z 24 and 26; 
@) calculated masszxttem composed of Mg+ and M&+ with 
the intensity ratio MgzflZ4Mg+ of 0.06. Shaded parts in @) 
show contribution from Mg:+ 
has metallic character that is due to the overlap be- 
tween the filled s and empty p bands. Therefore, the 
Mg clusters smaller than a certain size have van der 
Waals bonding, and larger clusters transform to 
metallic bonding. The dissociation energy D, of an 
Mg dimer in the ground state is only 0.050 eV [12]. 
The value of the binding energy per atom for the 
bulk, Es, is 1.53 eV [13]. 
The stabilities of doubly charged clusters are evalu- 
ated by using the liquid-drop model and the chainlike 
model, The first model, which assumes that the two 
charges are located on opposite sides of a spherical 
droplet of n atoms, yields a repulsive Coulomb en- 
ergy E, = ez/2r,rP3, where e is an elementary electric 
charge and r, is the atomic radius in a droplet. The 
value of r, lies soFewhere between the bulk atomic 
radius (2r, = 3.54 A) aad the equilibrium bond length 
for Mg, (2r, = 3.89 A). According to the spherical 
liquid-drop model with a bare Coulomb interaction 
(no screening) and the bulk binding energy, doubly 
charged clusters are stable above a threshold value nX 
obtained from E, = E, [4]. This leads to a critical 
value 12 < tit < 16, which is inconsistent with our 
observations. When the binding energy of the Mg 
dimer is used as E,, ng will obviously result in a 
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value that is too high. In the second model, which 
assumes a linear conhguration with the two charges 
localized at the outermost atoms, an empirical rough 
criterion of EC < 1.4Ea for a stable doubly charged 
cluster is obtained. According to thii model, the criti- 
cal number nt is give? by EC = ,e2/2ra( n: - 1) = 1.4E, 
[5]. With 2r, = 3.54 A or 3.89 A and E, = 1.53 eV as 
the biding energy of the bulk, n: = 3 is obtained. 
Although this critical size apparently agrees with the 
observed one, this calculated result loses self-con- 
sistency; ln this small size range, the assumption of 
bulk binding energy is not valid. When the dimer 
binding energy is used, ny will again result in a value 
that is too high (nz = 60). In conclusion, none of 
these models explains our experimental observations. 
The discrepancy may be due to the neglect of 
polarization forces. Although Mg atoms in a neutral 
cluster are held together by weak dispersion forces, ln 
a positively ionized Mg cluster polarization forces 
between an ion and atoms bind them tightly. The 
polarization forces are the main stabilizing factors 
when the charges are localized on a single atom. 
However, the true eigenfunction will probably be a 
mixing of two configurations, two charges on a single 
atom and charges on two different atoms. The stabil- 
ity of doubly charged Mg dimer and trimer may also 
be explained from the point of view of molecular 
orbital theory. Whether the charges are on a single 
atom or two atoms, the two s valence electrons of 
Mg:+ will fmd the us bonding molecular orbital and 
leave the (as)* antibonclmg orbital empty. This strong 
bonding should create a local minimum on the other- 
wise repulsive potential energy surface. Similar argu- 
ments apply to Mg$+. 
Using a model Hamiltonian including the polariza- 
tion energy and the interactions between induced 
dipoles, Durand et al. [14] calculated potential energy 
surfaces of MgZ,+ (n I 5; z = 1,2) and showed that 
both Mg$+ and Mg ?j’ have local minima in the po- 
tential energy surfaces. 
Tsong [15] observed doubly charged molybdenum 
dlmer in pulsed-laser stimulated field evaporation, 
which is the only observation of doubly charged di- 
atomic cluster ions of a metal. As far as divalent 
(group II) elements are concerned, Mg:+ presently 
observed is the smallest doubly charged cluster. Mg?_+ 
is the next smallest doubly charged cluster. For Hg, 
isoelectronic with Mg, Hgg+ is known to be the small- 
est doubly charged cluster observed experimentally 
[16], though the existence of a potential barrier against 
fragmentation for Hg;+ has been found theoretically 
[17]. The Hg cluster ions were produced by photoion- 
lzation of neutral clusters formed through free jet 
expansion. The method of generation of cluster ions 
affects the observability of metastable multiply charged 
clusters [14, l&l, as will be discussed below for Mg. 
The existence of local minima in the potential en- 
ergy surface of Mgn ‘+ is not sufficient to ensure the 
observability of these clusters, because these miniia 
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are significantly higher than the potential energy of 
Mgi + Mgi ( p + q = n) separated to an infmite dis- 
tance from each other. Clusters might tunnel through 
the barrier, or, if excited to a state higher in energy 
than the barrier height, they will break into fragment 
ions. Another factor that prevents the observation of 
doubly charged clusters is the great difference be- 
tween the geometry of the neutral Mg, and that of 
Mg2,+ in the local minimum [14]. A vertical double 
ionization of the neutral species would not lead the 
stable doubly charged cluster, because it forms the 
cluster in a region outside the energy barrier. 
Durand et al. [14] pointed out that the stable ge- 
ometries of Mgz and Mgz+ are quite similar. This 
means that an ionization from Mgi to MgG+ would 
lead to a structure close to the bottom of the Mgz+ 
local minimum, providing an opportunity for this 
structure to have a significant lifetime. This theoretical 
finding indicates that the experimentally observed 
Mgz+ and Mgsf are not produced by the simultane- 
ous double ionization of free neutral Mg, and Mg,, 
but rather are formed by ionization of Mgz and Mg:, 
respectively, field-evaporated (as ions) from the liquid 
surface. The latter process is known as postionization 
[6]. This process successfully explains the emission of 
doubly charged monomers from the LMIS for various 
metals. The present result suggests that postioniza- 
tion occurs for clusters as weIl as monomers. 
The total flight time of Mg$+ from formation to 
detection is about 2 gs. We have not measured the 
intensity change of Mgs* versus ion acceleration volt- 
age (flight time), so the lifetime of Mgg+ cannot be 
deduced. However, considering the relatively high 
intensity of Mgl+ (6% of the intensity of Mg+, and 
two to three times Mgl ’ mtensity), the lifetime may 
be on the order of microseconds or more. 
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